By applying algebraic coding methods to the Sanger dideoxynucleotide procedure, DNA sequences of two templates can be determined simultaneousl in only flve reactions and data channels. A 5:2 data compression is accomplished by instantaneous source coding of nucleotide sequence pairs into one set of 5-bit block codes. A general algebraic expression, 2" -1 -4f, describes conditions under which f DNA templates can be sequenced using n channels. Such compression sequencing is accurate and effcient, as demonstrated by manual 35S autoradiographic detection and automated on-line analysis using fluorescent-labeled primers. Symmetric 5:2 compression is especially useful when comparing two closely related sequences.
DNA templates can be sequenced using n channels. Such compression sequencing is accurate and effcient, as demonstrated by manual 35S autoradiographic detection and automated on-line analysis using fluorescent-labeled primers. Symmetric 5:2 compression is especially useful when comparing two closely related sequences.
We have previously shown (1) that algebraic coding methods from information theory can be applied to DNA sequence analysis. In particular, if the presence or absence of DNA sequencing gel autoradiogram bands is treated as a 1 or a 0, then three channels suffice to sequence a template by using a single label; alternatively, only three labels are needed for DNA sequencing in a single lane.
We demonstrate here a more efficient strategy for DNA sequencing based on source code compression of two sequences into 5-bit instantaneous block codes. This coding strategy resembles data compression techniques used in telecommunications and digital electronics (2, 3) . Sequences of two DNA templates are determined simultaneously using five enzymatic reaction mixtures and data lanes, resulting in improved coding efficiency and 60% increased sequence throughput. By generalized extension of the method, the average code word length approaches 2.0 bits per nucleotide, equal to the source entropy of the four-letter genetic alphabet.
Background to Algebraic Coding Theory and DNA Sequence Analysis
In the original (4) and modified (5) (6) (7) enzymatic dideoxynucleotide DNA sequencing procedures, four spatially discrete or optically separable (8) (9) (10) data channels have been used for each DNA template. If the presence or absence of a signal at a specified gel migration distance is treated algebraically as a 1 or a 0, and dideoxyguanine (ddG), ddA, ddT, and ddC reaction mixtures are loaded left to right on a DNA sequencing gel, then this coding arrangement defines a 4 x 4 identity matrix. This coding matrix, shown in binary and expanded polynomial forms in Table 1 , is called "8421 code," since the decimal numbers 8, 4, 2, and 1 are, in binary notation, 1000, 0100, 0010, and 0001, respectively (11, 12) . The 8421 code used by Sanger et al. (4) for dideoxynucleotide sequencing has a coding efficiency (2, 3) of 0.5 (2 bits per nucleotide)/(4 bits per code word); and the algebraic distance between any pair of code words is 2, where distance is defined as the number of positions at which binary code words differ (13) . In standard four-lane dideoxynucleotide sequencing, the null set (0000) code word is undetectable and cannot be assigned to G, A, T, or C. However, there are 24 - (14) (15) (16) ) that allow improved ease of sample preparation, speed, or efficiency. However, these alternate codes have neither been interpreted in terms of information theory nor fully optimized as such.
In fact, DNA sequence analysis contains all of the essential features of a communication system, as described by Shannon and Weaver (17) in their classic treatise and more recently by others (13, 18, 19) . As shown in Fig. 1 , one may consider a DNA template to be an information source, which is then encoded when it is mixed into selected primerdependent chain-terminating reaction mixtures. DNA polymerase produces encoded messages, in the form of labeled 3'-dideoxy-terminated polynucleotide chains, which are sent through defined channels of sequencing gels. (2, 18, 19, 21) . In channel coding, as described (1), for three-lane DNA sequencing, coding efficiency is optimized by selecting the smallest number n of binary channels to satisfy the inequality, 2n -1 2 b, where b is the number ofcode words for DNA bases in the four-member source alphabet, Si = {G, A, T, C}.
2"-1-4.
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Solving for n, we may calculate that n 2 3. In other words, three binary communication channels (data lanes) are sufficient for encoding four DNA bases.
In three-lane sequencing, coding efficiency is limited by the requirement that all code words have a fixed length of three (n = 3). This limitation can be removed, however, if variable length code words are employed. For example, if G, A, T, and C code words have length two or three in equal proportions, then it is still possible to satisfy Eq. 1: 22.5 -1 2 4. In other words, if the average number of binary data channels employed per template is 2.5, then G, A, T, and C can still be uniquely encoded. If f is the number of different DNA templates to be sequenced, then this same average number of channels per template, nayg = n/f = 2.5, can be achieved when sequences of two DNA templates (f = 2) are encoded using five data channels (n = 5): 25 1 > 42 [2] In contrast to channel coding, in source coding, code words are assigned different lengths according to their frequency of occurrence (22) (23) (24) . For example, in the original 1837 Morse code, the frequent letter "e" is encoded by the shortest " " symbol, whereas "q" is encoded by the "--" symbol (22, 23) . In this fashion it is possible to compress more code words into a limited number ofcommunication channels (2, 19, 24 Five-Bit DNA Source Code Construction. Let G1, A1, T1, and C1 denote guanine, adenine, thymine, or cytosine in DNA sequence 1; and let G2, A2, T2, and C2 denote guanine, adenine, thymine, or cytosine in DNA sequence 2, respectively. Then Si is the source alphabet {G1, A1, T1, C1} for sequence 1; and S2 is the source alphabet {G2, A2, T2, C2} for sequence 2. Pairwise combinations of {G1, A1, T1, C1} x {G2, A2, T2, C2} define a 16-member source alphabet, Slx2 = {G1G2, A1G2, T1G2, C1G2, G1A2, A1A2, T1A2, C1A2, G1T2, A1T2, T1T2, C1T2, G1C2, A1C2, T1C2, C1C2}. Five binary channels can encode 25 different 5-bit block codes to which these 16 source code symbols can be assigned (25 -1 2 42), but no provisions are made for aberrant electrophoretic mobilities using SlX2.
To account for aberrant gel mobilities, let 01 and 02 denote the absence of a band in DNA sequence 1 and sequence 2, respectively. A superior 5-bit code can be constructed if pairwise combinations of {G1, A1, T1, C1, Oi} x {G2, A2, T2, C2, 02} are used to define a larger 25-member source alphabet, SIM, which can be encoded using 25 of the binary numbers 0 through 31. This set of 5-bit block codes is also known as "Baudot teletype code" since 25 = 32 binary symbols are sufficient to represent the 26 letters of the alphabet and six punctuation marks (12, 28) . Proc. NatL Acad Sci. USA 90 (1993) In accordance with the above guidelines, 5-bit (Baudot) code words are assigned to S'l2 source alphabet symbols shown in Table 2 . For example, bands in channels 1, 4, and 5 (10011) at a given mobility position indicates that sequence 1 = A and sequence 2 = G. Sequence 1 can also be read left-to-right as a three-lane sequence in channels 1, 2, and 3; sequence 2 can be read right-to-left in channels 3, 4, and 5. A, T, and G in sequences 1 and 2 can be read as 2-bit code words (A = 10 or 01; T = 01 or 10; G = 11), whereas C is encoded using a 3-bit code word (C = 001 or 100).
Experimental: Sequencing Two DNA Templates in Five Channels By using five mixed dideoxynucleotide reaction mixtures, DNA sequencing was carried out by a modification of the method of Tabor and Richardson (6) or the automated fluorescent sequencing protocol of Steffens and coworkers (29, 30) . Results from (i) dideoxynucleoside 5'-[a-
[35S]thio]triphosphate sequencing (Fig. 2) , (ii) automated on-line DNA sequencing using near infrared fluorescence detection (Fig. 3) , and (iii) DNA sequence comparisons using 5:2 compression (Fig. 4) are shown below.
Discussion
If DNA sequence analysis is treated as a form of communication (1, 17) , then algebraic coding techniques can improve the efficiency and through-put of the Sanger dideoxynucleotide procedure. We have shown that source code compression can be applied to dideoxynucleotide DNA sequence analysis in both manual and automated formats. In addition, DNA sequence comparisons by 5:2 compression sequencing are discussed below. In addition, certain theoretical limits of DNA code compression are considered.
35S-Labeled Dideoxynucleotide DNA Sequencing Using 5:2 Source Code Compression. As shown in Fig. 2 , it is possible to simultaneously sequence two DNA templates by using only five mixed dideoxynucleotide reaction mixtures and five data channels, as detected by 35S autoradiography. Sequences from two pBlueScript KS(-) single-stranded plasmid DNA templates could be accurately read to at least 450 nt from a T3 sequencing primer. Light and dark bands seen in standard four-lane sequencing gels were faithfullly reproduced in three-lane and 5:2 compressed sequence tracts. Note the reflective symmetry in the first =40 bases of these two sequences: polylinker regions of both plasmids are the same, but sequences diverge thereafter into asymmetric patterns.
Automated Fluorescent Sequencing Using 5:2 Source Code Compression. A prototype LI-COR model 4000 automated fluorescent sequencer (29, 30) was used to read two sequences to a length of >500 nt apiece by using five channels. products were imaged using a prototype LI- 16 17 18 19 COR model 4000 DNA Sequencer.
used to prime an M13mpl8 single-stranded DNA clone containing a 1.2-kb insert by using a Taq polymerase sequencing protocol designed to minimize DNA secondary structure (7, 29) . Labeled dideoxynucleotide reaction products were detected on-line by near infrared (820 nm) fluorescence during electrophoresis. Strong and weak signal amplitudes from three-lane and 5:2 compression tracts were faithfully reproduced from parallel control four-lane sequencing (Fig. 3) (2, 17, 21) and maximal coding efficiency is reached when the average code word length and source entropy are equal: H(S)/(n/f ) <1.0. For random DNA, the source entropy is 2 bits per nucleotide (32, 33) . Therefore, regardless of which block coding scheme is employed, the average number of binary channels per nucleotide code word is never less than 2 (2, 17, 21) .
Derivation ofa DNA sequence compression theorem. We have shown that a coding efficiency of 2.5 bits per nucleotide can be achieved (n/f = 2.5) when five channels are used to sequence two DNA templates. However, it is possible to sequence more than two templates at a time. For example, three templates (f = 3) can be sequenced using seven Proc. Natl. Acad. Sci. USA 90 (1993) channels because all 43 three-way combinations of {G1, A1, T1, C1} x {G2, A2, T2, C2} x {G3, A3, T3, C3} can be encoded in 7-bit block codes:
2n _ 1> 43or n 2 7.
[3]
By comparing Eqs. 1, 2, and 3, we may generally describe the relationship between the number n ofbinary channels and the number of DNA fragments f to be sequenced: 2n _ 1,:-4m [4] From this DNA sequence compression theorem (Eq. 4), it is possible to calculate (i) the number n of channels needed to sequenceftemplates, (ii) the number ofDNA fragmentsfthat can be sequenced in n channels, and (iii) the average code word length n/f, as shown in Alternatively, five stable-isotopic tin labels will suffice to simultaneously sequence two DNA templates using resonance-induced spectroscopic detection (34) .
